The skin microbiome is a complex ecosystem with important implications for cutaneous 25 health and disease. Topical antibiotics and antiseptics are often employed to preserve the 26 balance of this population, and inhibit colonization by more pathogenic bacteria. Despite 27 their widespread use, however, the impact of these interventions on broader microbial 28 communities remains poorly understood. Here we report the longitudinal effects of topical 29 antibiotics and antiseptics on skin bacterial communities and their role in Staphylococcus 30 aureus colonization resistance. In response to antibiotics, cutaneous populations exhibited 31 an immediate shift in bacterial residents, an effect that persisted for multiple days post-32 treatment. By contrast, antiseptics elicited only minor changes to skin bacterial 33 populations, with few changes to the underlying microbiota. While variable in scope, both 34 antibiotics and antiseptics were found to decrease colonization by commensal 35
in detail. Indeed, the long-term impact of topical antimicrobial drugs on skin bacterial 93 communities, and their ability to alter colonization patterns by S. aureus competitors, 94 remains largely unknown. 95
96
Here we report this missing link by assessing the effect of antibiotics and antiseptics on the 97 resident skin microbiota through a comparative time-series analysis. We report a 98 differential impact of treatment on skin bacterial inhabitants, with the greatest 99 disturbances elicited by a broad-spectrum triple antibiotic cocktail of bacitracin, neomycin, 100 and polymyxin B. By contrast, we report a relatively muted effect of antiseptics, with only 101 modest alterations to overall bacterial community structure. Despite these differences, we 102 identified a conserved decrease in the levels of Staphylococcus residents regardless of 103 treatment, a result that was strongly influenced by baseline levels of Staphylococcus. 104
105
Because commensal Staphylococcus spp. have been shown to impair colonization by the 106 skin pathogen Staphylococcus aureus, we further evaluated this antimicrobial effect in the 107 context of S. aureus colonization resistance. We show that treatment can promote 108 exogenous association with S. aureus, and that the same Staphylococcus residents disrupted 109 by treatment are also capable of S. aureus competition, decreasing S. aureus levels by over 110 100-fold in precolonization experiments. In all, our results demonstrate that antimicrobial 111 drugs can elicit long-term shifts in skin bacterial communities, and that treatment with 112 these agents has key implications for host susceptibility to pathogens such as S. aureus. 
Topical antibiotic treatment alters skin bacterial residents 117
To assess the impact of topical antibiotics on the skin microbiota, we began by treating the 118 dorsal skin of SKH-1 hairless mice twice daily for one week with the narrow spectrum 119 antibiotic mupirocin; a broad spectrum triple antibiotic ointment (TAO: bacitracin, 120 neomycin, polymyxin B); or their respective vehicles, polyethylene glycol (PEG) and 121 petrolatum (Fig. S1a ). These particular antibiotics were chosen for their range of activities, 122
as well as their extensive use as both therapeutic and prophylactic agents in both clinical 123 and non-clinical settings (30). In all, antibiotics led to durable changes in skin bacterial 124 residents, with populations forming three distinct clusters (I -III) and four sub-clusters 125 S1c), these minor changes were not enough to elicit separate clustering patterns amongst 139 the two treatment groups. These particular changes also displayed similar kinetics to 140 bacterial taxa in TAO-treated mice, including immediate increases in rarified abundance 141 and sustained post-treatment effects, underscoring the difficulties faced by skin 142 communities when attempting to re-acclimate upon treatment cessation. To better quantify these results at the community-level, we next evaluated the diversity of 154 bacterial populations over time. Similar to taxonomic analyses, we observed a relative 155 stability in untreated mice and those treated with PEG, mupirocin, and petrolatum when 156 testing alpha diversity metrics such as Shannon diversity, which takes into account the 157 richness and evenness of taxa (Fig. 2a) . By contrast, those treated with TAO exhibited an 158 immediate and significant decrease in diversity starting after a single day (d1) of 159 treatment, an effect that was maintained for greater than one week post-treatment. This 160 was also recapitulated when evaluating community similarity by the weighted UniFrac 161
on August 1, 2017 by UNIVERSITY OF PENNSYLVANIA LIBRARY http://aac.asm.org/ Downloaded from metric, which assesses population differences based on abundance and phylogeny. When 162 comparing each mouse to their baseline (d0) samples, we observed significantly greater 163 differences within the TAO-treated group compared to vehicle-treated mice, a trend not 164 shared by those administered mupirocin (Fig. 2b) . Additional visualization of these 165 samples by principle coordinates analysis further confirmed these results, as distinct 166 clustering patterns were observed when comparing TAO-treated mice to other treatment 167 groups (Fig. 2c) . 168 169 Previously, others have shown similarities in the functional composition of a population 170 despite differences in community membership and structure (31). To evaluate whether 171 antibiotic treatment could lead to changes in the functional potential of skin inhabitants, 172
we also utilized the PICRUSt software package (32) to infer metagenomic content of our 173 populations. Specifically, PICRUSt analysis focuses on chromosomally-encoded, conserved 174 differences amongst species as a method to approximate functional disparities. We found 175 that treatment with antibiotics and vehicles led to a number of significant differences in 176 genes predicted to be associated with metabolism, signaling, transport, and biosynthesis, 177 among others (Fig. S2 ). As such, the potential exists that by shifting the residents of the 178 cutaneous microbiota, treatment may shift the functional capabilities of these populations 179 as well. Following our tests with antibiotic regimens, we next endeavored to evaluate the impact of 186 antiseptics, a more promiscuous class of antimicrobials, on the skin microbiome. We 187 reasoned that these topical interventions should provide an even greater impetus for 188 community disruption due to their indiscriminate mechanisms and proven efficacy in 189 clinical settings (14). To evaluate this hypothesis, we treated mice with the common 190 clinical antiseptics alcohol (80% ethanol) or povidone-iodine (10%), and compared this to 191 mice treated with water or untreated controls (Fig. S3a) . Surprisingly, we observed no 192 clustering of mice in response to antisepsis when taking into account major taxonomic 193 groups at even the earliest d1 post-treatment time point (Fig 3a) . Furthermore, when 194 comparing the relative abundances of individual taxa following treatment, we detected no 195 significant differences among treated mice and untreated controls (Table S1 ). To evaluate 196 whether subtle differences could contribute to a disruption at the population level, we also 197 tested the diversity of communities in response to treatment. Similar to our taxonomic 198 analyses, we found that antiseptic treatment resulted in no significant differences to 199 Shannon Diversity (Fig. 3b) , nor could we detect significant clustering by treatment using 200 beta diversity metrics such as weighted UniFrac at d1 post-treatment (Fig. 3c) . To assess 201 whether we had missed decreases in absolute abundance by focusing our analyses on the 202 relative proportions of taxa, we also tested the impact of treatment on the bacterial load of 203 communities. Once again, we observed no significant differences between treated and 204 untreated mice (Fig. 3d) , further underscoring the stability of cutaneous bacterial 205 communities in response to antiseptic treatment. 206
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As this result was particularly surprising, we also compared bacterial phylotypes at 207 baseline to their d1 counterparts. This allowed us to evaluate whether treatment could 208 shift populations in a conserved manner, thus explaining the modest effects seen between 209 regimens at d1 post-treatment. However, when comparing the abundances of major 210 taxonomic groups, we once again observed relatively few changes from d0 to d1 in 211 response to treatment. Only Staphylococcus differed significantly, and only in response to 212 alcohol treatment (Table S2) . Interestingly, this effect was strongly dependent upon 213 starting communities, as mice with higher baseline levels of Staphylococcus were more 214 strongly disrupted than those with lower baseline levels, regardless of treatment (Fig S3b.) . 215
In all, this indicates that antiseptics elicit a more muted response in skin bacterial 216
populations, but that their effects may be dependent upon starting communities. 217
218
Culture-based studies recapitulate sequence analyses of skin microbiota dynamics 219
Our finding that most antiseptics elicited only minor changes to the resident skin 220 microbiota was particularly surprising given the wealth of data describing their benefit in 221 clinical settings. To address this discrepancy, we next sought to validate our findings using 222 culturable skin inhabitants. Specifically, Staphylococcus was chosen as a proxy because of 223 its established response to topical antimicrobials in the clinic and its importance to human 224 health. These bacteria were also the only inhabitants to vary in response to both antibiotics 225 and antiseptics in our sequencing experiments, and thus represented the best opportunity 226 to verify our results in a culture setting. 227
Because our antiseptic experiments exhibited an antibacterial effect dependent upon 229 baseline communities, we began by designing a system to control Staphylococcus levels in 230 murine populations. Specifically, we observed that mice housed in cages changed once per 231 week displayed significant elevation in Staphylococcus levels (high Staphylococcus; HS) 232 compared to those changed more frequently (low Staphylococcus; LS) (Fig 4a) to a significant decrease in Staphylococcus starting at d1 post-treatment regardless of 242 starting community, although this effect was more pronounced in LS mice (Fig. 4b,c) . 243
Interestingly, while we also observed a gradual decrease of Staphylococcus in response to 244 PEG treatment, petrolatum-treated LS mice displayed increased Staphyloccocus 245 colonization at early time points, and elevated levels of Staphylococcus compared to 246 untreated controls in HS mice. Because our sequencing results revealed similar decreases 247
in Staphylococcus in response to treatment with antibiotics, but not petrolatum, this 248 represents a reproducible mechanism in multiple testing protocols. 249
To assess this effect in the context of antiseptics, a separate cohort of HS and LS mice were 251 next treated with water, alcohol, or povidone-iodine, and compared to untreated controls. 252
Unlike those treated with antibiotics, no significant differences in Staphylococcus were 253 observed in LS mice following treatment with water, alcohol, or povidone-iodine compared 254
to baseline colonization at d1 post-treatment (Fig. 4d) . Moreover, while HS mice were 255 significantly decreased in Staphylococcus following treatment, untreated mice with a single 256 cage change exhibited an almost identical reduction in colonization, confirming that a 257 change in environment can also have significant impacts on bacterial communities (Fig.  258 4e). In all, these experiments indicate that antibiotics and antiseptics have distinct effects 259 on skin bacterial residents, and that the magnitude of this response can vary depending 260 upon starting communities. 261
262

Antimicrobial drugs reduce colonization by Staphylococcus aureus competitors 263
After confirming our sequencing results with culture experiments, we next endeavored to 264 explore the ramifications of cutaneous bacterial community disruption. As previous studies 265 have suggested a role for the skin microbiota, and specifically resident Staphylococcus spp., 266 in S. aureus colonization resistance (27-29), we chose this particular commensal-pathogen 267 pair for further analysis. We were particularly attracted by the ability of antimicrobial 268 drugs to shift communities for multiple days post-treatment, suggesting a window in which 269 S. aureus could access the skin unencumbered by competing residents or antimicrobial 270 drugs. As alcohol was found to have relatively minor effects on skin bacterial residents, 271 with the exception of Staphylococcus spp., we first tested whether treatment with this 272 antiseptic could promote S. aureus association. Specifically, mice were treated with alcohol, 273 similarly to previous experiments, and then exogenously associated with S. aureus one day 274 post-treatment. As hypothesized, we observed a slight, but significant, increase in S. aureus 275 levels in treated mice compared to untreated controls, indicating a reduction in 276 colonization resistance in response to treatment (Fig. 5a) . 277
278
Because this effect could also be the result of additional factors including previously 279 unidentified microbial inhabitants, we next profiled individual Staphylococcus isolates that 280
were reduced by antimicrobial treatment in our previous experiments. We reasoned that if 281 these bacteria were the true source of colonization resistance, then adding them back to 282 the skin should reduce S. aureus association in kind. Following phenotypic analysis and full-283 length 16S rRNA gene sequencing, we isolated five unique resident Staphylococcus 284 genotypes -AS9, AS10, AS11, AS12, and AS17. Comparing these to reference sequences 285 within the Ribosomal Database Project (RDP) (33), we identified four distinct species and 286 two strain level variants: S. epidermidis (AS9), S. xylosus (AS10, AS11), S. nepalensis (AS12), 287 and S. lentus (AS17) (Fig. 5b) . Interestingly, while each of these bacteria fell within the 288
Staphylococcus genus, they also had considerable genomic variability within the 16S rRNA 289 gene region, suggesting a relative permissivity at the skin surface for these particular taxa 290 (Fig. S4) . 291
292
To assess the colonization potential of each isolate, we next compared their growth 293 dynamics under various conditions. When comparing growth in enriched media, we 294 observed distinct differences amongst isolates, with AS17 S. lentus and AS10 S. xylosus 295 displaying the most robust expansion kinetics ( Given the expansive use of topical antibiotics and antiseptics, it is somewhat surprising that 322 longitudinal studies to evaluate their effects on a community-wide scale are not more 323 common. Here we report that antimicrobial drugs can elicit significant changes to skin 324 bacterial community membership and structure, albeit to varying degrees. We also 325 demonstrate that these alterations can have important consequences for colonization 326 resistance and the skin pathogen Staphylococcus aureus. 327
328
Previous work has focused extensively on antibiotics and the gut microbiota. These studies 329 have highlighted the ability of antimicrobials to disrupt bacterial communities and the 330 consequences of these drugs on host physiology (34). One such example includes the 331 elimination of colonization resistance leading to increased susceptibility to bacterial 332 infections (35). By altering the structure of bacterial populations in the gut, antibiotics can 333 shift the balance in favor of more infectious microorganisms (19). Clostridium difficile is 334 perhaps the best-studied representation of this effect (36). However, additional pathogens 335 such as vancomycin-resistant Enterococcus and Salmonella enterica can also exploit newly 336 available niches and cause disease (37, 38). As a result, the true question has transcended 337 beyond whether or not antimicrobial drugs can promote pathogenicity, to how best to 338 mediate these unintended consequences. 339
340
The first step in such ventures is the elucidation of antimicrobial effects on a community-341 wide scale. While studies of the gut have been vital to this endeavor, we present the skin as 342 an additional body site worthy of consideration. In our investigations, triple antibiotic 343 ointment (TAO) was found to provoke the greatest response in microbial residence, with a 344 significant decrease in bacterial diversity and domination by previously minor 345 contributors. While these changes originated as a result of treatment-specific effects, they 346 often endured, and in some cases were enhanced, following treatment cessation. This 347
indicates that disrupted resident skin bacteria may also undergo multiple levels of 348 succession prior to community stabilization, similar to the gut (39). Perhaps most surprisingly, we also report a relatively muted impact of antiseptics on the 361 skin microbiota, with alcohol and povidone-iodine both failing to shift baseline 362 communities in a significant manner. While it is tempting to explain this finding as an 363 inability of 16S rRNA gene sequencing to distinguish between live and dead bacteria, we 364 find this conclusion unlikely in the context of our studies and those before us. Indeed, our 365
on August 1, 2017 by UNIVERSITY OF PENNSYLVANIA LIBRARY http://aac.asm.org/ Downloaded from ability to detect differences in TAO-treated mice within one day of treatment provides 366 strong evidence to the contrary. Others have also reported a similar community response 367 to both decolonization protocols (42) and mild and antibacterial soaps (43), further 368 validating this assertion. 369 370 Rapid repopulation of the skin could also explain our perceived lack of effect in response to 371 antiseptic stress. However, as our study and those before us employed relatively early post-372 treatment samplings, we find it unlikely that residents could re-colonize the skin in such a 373 short period of time. Indeed, many of the bacteria observed in our experiments have been 374
shown to exhibit particularly slow growth dynamics in previous examinations (44, 45). 375
Repopulation is likely shaped by both the magnitude of change and the environment, 376
however. As such, future work will be necessary to establish a more complete 377 understanding of this process as it relates to skin bacterial dynamics. 378
379
With this in mind, it is important to note that multiple studies have shown a reduction of 380 certain culturable skin inhabitants in response to antisepsis. This includes residents from 381 the commonly studied genus Staphylococcus, often chosen for its ease of use in culture-382 based experiments (46, 47). In line with these findings, we also observed a decrease in 383
Staphylococcus residents in our sequencing and culture studies. However, we note that 384 because this bacterium was only one member of the larger community, this decline did not 385 lead to shifts in overall population structure. As such, we hypothesize that the true utility of 386 antiseptics may lie in their ability to disrupt a particular subset of microorganisms at the 387 skin surface, while leaving the underlying community relatively unchanged. into OTUs based on 97% similarity by UClust (57), and taxonomy was assigned to the most 505 abundant representative sequence per cluster using the RDP classifier (58). Sequences 506 were aligned by PyNAST (59), and chimeric sequences were removed using ChimeraSlayer 507 (60) along with those identified as Unclassified, Bacteria;Other, or Cyanobacteria. 508
Singletons were also removed in addition to any OTU found at greater than 1% abundance 509 in at least 50% of kit and environmental control samples to eliminate potential 510 contaminating sequences. All antiseptics, antibiotics, and vehicles were similarly 511 sequenced and evaluated for possible contaminating sequences. All samples were rarified 512 to 5,000 sequences/sample corresponding to an average Good's coverage of 0.95/sample, 513 and samples below this cut-off were removed from downstream analyses. Alpha and beta 514 diversity matrices were calculated in QIIME, and statistical analysis and visualization were 515 On the following day, isolates were subcultured and incubated to achieve log growth, and 553 resuspended in PBS to acquire 10 8 CFU/ml inoculums. Titers were validated by culture and 554 optical density measurements at OD600. Two cages of three mice each were housed in 555 frequently changed cages to reduce levels of endogenous Staphylococcus, and 556 monoassociated at the dorsum with 200ul of Staphylococcus isolate inoculum using a 557 sterile swab. Application of Staphylococcus suspensions were repeated every other day 558 over the course of one week for a total of four applications. Mice were then swabbed one 559 day following the fourth application, and cultured on MSA overnight at 37 °C for CFU 560 enumeration. S. aureus 502A with selective streptomycin resistance was chosen for S. Whitney U test). *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0. Whitney U test). *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
